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Introduction 49 Ectoparasites act as vectors for many notable viral pathogens of vertebrates, including Zika 50 virus, dengue virus, and tick-borne encephalitis virus (Boyer, Calvez, Chouin-Carneiro, 51 Diallo, & Failloux, 2018; Lindquist & Vapalahti, 2008; Rodhain, 2015) . Transmission can 52 occur "biologically", with active virus replication in the ectoparasite, or "mechanically" 53 without ectoparasite replication (Chihota, Rennie, Kitching, & Mellor, 2001; Kuno & Chang, 54 2005; McColl et al., 2002; Rodhain, 2015) . Both mechanisms enable viruses to spread 55 across spatial or ecological barriers that might inhibit direct transmission (Rosenberg & 56 Beard, 2011). Ectoparasites are predominantly arthropods, including such animals as lice 57 and fleas, as well as intermittent ectoparasites such as mosquitos, ticks and blowflies 58 (Hopla, Durden, & Keirans, 1994) . 59 60 The European rabbit (Oryctolagus cuniculus) has been profoundly impacted by 61 ectoparasite-mediated viral transmission. As rabbits are a pest species in Australia, two 62 virus biological controls -rabbit haemorrhagic disease virus (RHDV; single-stranded RNA) 63 and myxoma virus (MYXV; double-stranded DNA) -were deliberately introduced to control 64 wild rabbit populations in the 1950s and 1990s, respectively (Cooke & Fenner, 2002) . mouthparts (Fenner, Day, & Woodroofe, 1952) . Although RHDV is transmissible directly by 74 the faecal-oral route, flies facilitate transmission between isolated populations (Schwensow 75 et al., 2014) . Indeed, before it's official release, RHDV escaped quarantine from Wardang 76 island, South Australia, purportedly due to fly-vectored transmission (Asgari et al., 1998; 77 McColl et al., 2002) . MYXV can also be transmitted via direct contact, although biting insect 78 vectors enhance transmission and as such, rabbit fleas were also deliberately introduced 79 into Australia (Merchant et al., 2003; Sobey & Conolly, 1971) . 80 81 Despite the importance of the ectoparasite-vector system in virus transmission and 82 evolution, little is known about the composition of virus communities in both host types. 83 Metagenomic studies of arthropod vector species such as mosquitoes and ticks have 84 revealed an unexpectedly rich virus diversity, most of which likely do not infect vertebrates 85 (Harvey, Rose, Eden, Lo, et al., 2019; Shi et al., 2017) . Hence, it is not known what 86 proportion of the viruses present in invertebrates pass to vertebrates and vice versa, 87 although such information is central to understanding the evolution of vector-borne 88 transmission and determining whether some viruses have more liberal host preferences 89 than others. 90 
91
The advent of bulk RNA sequencing ("meta-transcriptomics") has revolutionized our 92 perception of viral diversity and host range (Shi et al., 2016; Shi, Zhang, & Holmes, 2018) , Library construction and sequencing was performed at the Australian Genomic Research 150 Facility. Libraries were constructed using the TruSeq Total RNA Library Preparation protocol 151 (Illumina, CA, USA) and rRNA was removed using the Illumina Ribo-Zero Gold rRNA removal 152 kit (Epidemiology). Paired-end (100 bp) sequencing of each RNA library was performed on 153 the HiSeq 2500 sequencing platform (Illumina, CA, USA). 154 155 Assembly and genome annotation 156 De novo assembly of reads into contigs was performed using Trinity (Grabherr et al., 2011) 157 following trimming with Trimmomatic (Bolger, Lohse, & Usadel, 2014) . The RSEM tool (B. Li, 158 Ruotti, Stewart, Thomson, & Dewey, 2010) in Trinity was used to calculate the relative 159 abundance of each contig (expected counts). BLASTn and DIAMOND BLASTx were then 160 used to compare Trinity contigs to the NCBI nucleotide (nt) database (e-value cut-off 1 x 10 -161 10 ) and non-redundant protein (nr) database (e-value cut-off 1 x 10 -5 ), respectively. Results 162 were filtered so that only contigs that had a viral hit (excluding endogenous 163 viruses/retroviruses) from each BLAST search were retained. 164 165 Equivalent BLAST analyses were performed on individual reads to detect viruses at low 166 abundance, with e-value cut-offs of 1 x 10 -4 for BLASTx and 1 x 10 -10 for BLASTn. A 167 conservative approach was taken such that only reads that had a virus result in both the 168 BLASTn and BLASTx analyses were considered as legitimate hits. Ectoparasite library read-169 mapping to specific virus reference sequences or rabbit viral contigs was conducted using 170 Bowtie2 (Langmead & Salzberg, 2012) . 171 172 To remove residual host rRNA sequences, all reads were mapped to host rRNA using 173 Bowtie2 (Langmead & Salzberg, 2012) . The rabbit host rRNA target index was generated from a complete O. cuniculus 18S rRNA reference sequence obtained from GenBank 175 (accession NR_033238) and a near complete O. cuniculus 28S rRNA sequence obtained 176 from the SILVA high quality ribosomal database (Quast et al., 2013 ) (accession 177 GBCA01000314). The arthropod rRNA target index was generated from 18S and 28S 178 GenBank sequences from Spilopsyllus cuniculi and multiple Chrysomya, Calliphora, 179 Sarcophaga, and Musca species. The total number of reads that did not map to host rRNA 180 for each library were used as the denominator to calculate the percentage of reads mapped 181 to viral contigs. 182 183 The Geneious assembler (Kearse et al., 2012) was used to extend viral contigs where 184 possible. Open reading frames of viral contigs were identified using the online GeneMark 185 heuristic approach to gene prediction tool (Besemer & Borodovsky, 1999) , while conserved 186 domains were identified using RSP-TBLASTN v2.6.0, a variant of PSI-BLAST (Altschul et al., 187 1997 (Katoh & Standley, 2013) . Where necessary, large data sets were condensed to a more 193 manageable size using CD-HIT version 4.8.1 (W. Li & Godzik, 2006) . Poorly and 194 ambiguously aligned sites were removed using trimAl v1.2rev59 (Capella-Gutierrez, Silla-195 Martinez, & Gabaldon, 2009 ). Alignments were visualized in Geneious (Kearse et al., 2012). 196 Maximum likelihood trees of each alignment were inferred using PhyML (Guindon et al., 197 2010) employing the LG amino acid replacement model selected by IQTree (Nguyen, 198 Schmidt, von Haeseler, & Minh, 2015) , using a combination of NNI (Nearest Neighbour Interchange) and SPR (Subtree Pruning and Regrafting) branch-swapping. Branch supports 200 were estimated with the Shimodaira-Hasegawa (SH)-like approximate likelihood ratio test 201 (Guindon et al., 2010) . The size and length of each alignment is provided in Table S1 and   202 details of viral contigs included in phylogenies are provided in Table S2 . 203 204 Screening PCRs for detection of rabbit calicivirus and picornavirus 205 Primer sets were designed to amplify a small region of each of the novel rabbit calicivirus 206 and picornavirus genomes for the detection of these viruses in individual caecal content 207 samples. The calicivirus primer set GRC_F5.6 (5'-TTA CTC AGA GCG ACC AAG TGC-3', 208 positive sense) and GRC_R5.9 (5'-CCA GTT CTC GCC TGT ATC CAG-3', negative sense) 209 amplified a 278 bp region, while the picornavirus primer set GRP_F6.5 (5'-GAT CTT ATC 210 CCA CCC AAT CGT GA-3', positive sense) and GRP_R6.9 (5'-ATA GCC TCT TCT CCA TAA 211 CCA AGC-3', negative sense) amplified a 401 bp region. RT-PCRs were conducted using 212 the QIAGEN® OneStep Ahead RT-PCR Kit according to the manufacturer's directions with 213 1 µl of RNA (diluted 1:10 in nuclease-free water) in a 10 µl reaction volume with 0.25 µM of 214 each primer. PCR conditions included 10 cycles of touchdown PCR, with the annealing 215 temperature decreasing by 0.5 °C each cycle from a starting temp of 60 °C, and a further 30 216 cycles with annealing temperature at 55 °C. Representative amplicons were Sanger 217 sequenced to confirm their legitimacy. 220 First strand cDNA synthesis was conducted using the Invitrogen Superscript IV reverse 221 transcriptase system (Thermofisher Scientific, MA, USA), with 5 µl of RNA and 0.5 µM of 222 GV270 gene-specific primer (Eden, Tanaka, Boni, Rawlinson, & White, 2013) in a 20 µl 223 reaction volume. PCR was conducted using the Invitrogen Platinum Taq Polymerase High 224 Fidelity kit according to the manufacturer's protocol with specifically designed forward 225 primer GRC_F6.2 (5'-CAG AGA ATG AGC TCA ACC GAC A-3'), and reverse primer GV271 226 (Eden et al., 2013) . Reaction volumes of 40 µl included 2.5 µl of cDNA template and 1 µM of 227 each primer. PCR was conducted for 45 cycles, with the annealing temperature starting at 228 65 °C and decreasing by 0.5 °C each cycle. The positive amplicon was approximately 500 229 bp (includes polyA tail) and was Sanger sequenced for confirmation. 232 RNAs from individual flies and from the bone marrow of rabbit carcasses found near 233 Gungahlin fly traps were screened for the presence of pathogenic lagoviruses using the 234 multiplex RT-PCR described previously (Hall et al., 2018) .
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Genetic identification of unknown arthropods 238 The majority of arthropods analysed in this study were identified to the species level through 239 visual inspection. The remainder were characterised using the RNA-Seq data. Fleas were 240 confirmed to be Spilopsyllus cuniculi (rabbit fleas) based on the presence of several highly 241 abundant contigs of Spilopsyllus cuniculi rRNA and EF1a genes and the absence of any 242 other Spilopsyllus species genes. A library of unidentified Chrysomya species (GUNChsp 243 library) was determined to be Chrysomya rufifacies or albiceps (these two species are 244 potentially the same) based on EF1a and rRNA genes. An unknown Sarcophaga species 245 was most likely Sarcophaga impatiens based 28S rRNA identity.
247
Fly species trapped 248 A wider diversity of flies were trapped at site 1, a suburb of Canberra (n = 5 species), than at 249 site 2, in Namadgi National Park (n = 2 species, Table 1 ). Species from the genera 250 Calliphora, Chrysomya (both Calliphoridae) and Sarcophaga (Sarcophagidae) were collected 251 from site 1, while species from Calliphora and Musca (Muscidae) were isolated from site 2.
252
Calliphora augur was the only species trapped at both sites (Table 1) . sampled from both sites, the viral diversity of these two species at each site suggests that 265 viral composition was associated with host species rather than collection location (Figure 1 ). 266 The fly results also suggest that there is a trend in viral composition at the genus level Virus contigs in rabbits 292 No viral contigs could be assembled from the rabbit liver, duodenum, or lung libraries. A 293 small number of viral contigs were found in the Gudgenby blood library, but these were 294 potential contaminants since (i) rabbits from Gudgenby were shot, occasionally resulting in 295 perforation of the caecum which would contaminate blood in the body cavity, (ii) all viruses detected in the blood were also detected in the caecum (including plant viruses unlikely to 297 be in blood), and (iii) no viruses were found in the blood of rabbits from the Gungahlin site 298 where there was no body cavity contamination. Finally, several picobirnaviruses were identified in rabbit caecal content, all of which 353 clustered strongly in the supposedly vertebrate-specific genogroup 1 clade ( Figure 4) . 354 Based on individual species sharing <75% amino acid similarity in the RdRp alignment, 355 these data likely contain nine novel picobirnaviruses (although defined species demarcation 356 criteria for this family are lacking). Consistent with naming conventions adopted for most 357 picobirnavirus species, the tentative new viruses were named Rabbit picobirnavirus 1-9. 358 Importantly, these viruses did not form a monophyletic group, but were distributed 359 throughout genogroup 1. This pattern is typical of the Picobirnaviridae that show limited 360 host structure in the RdRp phylogeny ( Figure 4) , and is compatible with the idea that these 361 are in fact bacterial-associated viruses (Krishnamurthy & Wang, 2018) . The RdRp segments 362 (segment 2) were predicted to have one ORF, consistent with other members of this family. 363 While pairing segments was difficult, several longer picobirnavirus segments with at least 364 one large ORF, likely encoding the capsid, were identified in both caecal content libraries. Figure 5 ). As noted above, the viruses assembled from rabbit caecal content in these virus families were unlikely to be 374 actively replicating in rabbits. In addition, where viruses of the same family were assembled 375 from arthropods as well as rabbits, they did not cluster together ( Figure 2 ).
377
To further investigate the viral overlap between rabbits and ectoparasites, reads from 378 ectoparasite libraries were mapped to the viral contigs from the rabbit caeca. A total of 58 379 viral reads mapped to rabbit virus contigs, all associated with the viral groups described 380 above, and hence were likely mapping to conserved regions. Taken together, these results 381 show that no abundant viral species were shared between host and ectoparasites, such 382 that there was no strong evidence of biological vector transmission. 385 If the ectoparasites studied here were involved in mechanical transmission, viruses may not 386 be sufficiently abundant to be assembled into contigs. To detect vertebrate viruses at low ). Importantly, we identified diverse novel viruses in rabbits -Racaecavirus and
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Orycavirus -that cluster with other vertebrate-associated viruses (in the Caliciviridae and the 447 Picornaviridae, respectively) suggesting that the most likely hosts are the rabbits from which 448 they were sampled. In addition, several novel picobirnaviruses were detected, although their 449 true host is uncertain. Overall, the abundance of the potential vertebrate viruses detected in 450 rabbits was relatively low: calicivirus 0.003%, picornavirus 0.025%, picobirnavirus 0.002-451 0.011%, although benign rabbit viruses have been previously shown to be present at low 452 titre (Capucci, Fusi, Lavazza, Pacciarini, & Rossi, 1996; Strive, Wright, & Robinson, 2009) . 453 Furthermore, as these viruses were isolated from caecal content, we would not expect to 454 have sampled a high proportion of rabbit cells and by extension, viruses replicating in these 455 cells. , 2019; Smits et al., 2011; Smits et al., 2012; Woo et al., 2019) . Although it has been 501 suggested that these viruses are opportunistic pathogens (Ganesh et al., 2014) , the 502 absence of host phylogenetic structure and lack of conclusive detection in solid tissues 503 suggests that vertebrates and invertebrates may not be the true hosts of this virus family. Figure 5 ), although the ectoparasite viruses were phylogenetically 522 distinct from those found in rabbit caeca (Figure 2) . This, and that none of the overlapping 523 viral families were vertebrate-associated, suggests that there may be important barriers to 524 cross-species transmission. Indeed, no highly abundant vertebrate viruses were found in 525 flies or fleas, suggesting that the species investigated here are not likely to be biological 526 vectors for any vertebrate viruses, and that potential arboviruses are rare. mechanically transmitted viruses can be detected concurrently in the vertebrate host and 549 ectoparasite using a meta-transcriptomics approach, even in the case of highly virulent 550 viruses not known to cause persistent infections. Interestingly, rabbit astrovirus was also 551 detected in Sarcophaga impatiens and Chrysomya varipes, although no reads were 552 detected in rabbit material. This virus has been associated with enteric disease in rabbits, 553 but may be detected in the gut in the absence of symptoms (Martella et al., 2011) . The 554 detection of rabbit astrovirus in flies is of interest as it suggests that astrovirus may be 555 present in Australian wild rabbit populations and must be shed at high titres if it was 556 acquired from faeces. However, as we did not detect any reads in healthy rabbits, more 557 work is clearly needed to establish whether rabbit astroviruses can be transmitted by 558 arthropods. The Australian Journal of Experimental Biology and Medical Science, 30, [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] Forsythe, S. J., & Parker, D. S. (1985) . Nitrogen metabolism by the microbial flora of the 741 rabbit caecum. The Journal of Applied Bacteriology, 58, [363] [364] [365] [366] [367] [368] [369] Gall, A., Hoffmann, B., Teifke, J. P., Lange, B., & Schirrmeier, H. (2007) Figure 3 
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